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Self-assembly of organothiols (OTs) and thiolated biomolecules onto gold 
nanoparticle (AuNP) surfaces remains one of the most intense areas of nanoscience 
research and understanding molecular interfacial phenomena is crucial. Investigation of 
OT adsorption onto AuNPs, including OT structure and orientation on nanoparticle 
surfaces, is of fundamental importance in understanding the structure and function 
relationship of functionalized nanoparticles. Despite the great importance of the 
interfacial interaction of AuNPs, the exact mechanism of OT interactions with AuNPs 
has remained unclear and quantitative investigation of OT adsorption has been very 
limited. The research reported here focused on developing a fundamental and quantitative 
understanding of OT interactions with AuNPs in water. 
In studies of OT interactions with AuNPs in water, we found that the OTs form an 
adsorbed monolayer on AuNPs by releasing the sulfur-bound hydrogen as a proton and 
acidifying the ligand binding solution. The pH measurements suggest that there is a 
substantial fraction (up to 45%) of the protons derived from the surface adsorbed OTs 
retained close to the gold surface, presumably as the counter-ion to the negatively-
 
 
charged, thiolate-covered AuNPs.  Charge-transfer between the surface-adsorbed thiolate 
and the AuNPs is demonstrated by the quenching of the OT UV-vis absorption when the 
OTs are adsorbed onto the AuNPs. 
Using a combination of surface enhanced Raman spectroscopy (SERS), density 
function calculations, and normal Raman spectroscopy, the pH dependence of 
mercaptobenzimadazole (MBI) adsorption onto AuNPs was systematically studied. By 
using the ratiometric SERS ligand quantification technique, MBI adsorption isotherms 
were constructed at three different pHs (1.4, 7.9, and 12.5). The Langmuir isotherms 
indicate that MBI thione has a higher saturation packing density (∼631 pmol/cm2) than 
MBI thiolate (∼568 pmol/cm2), but its binding constant (2.14 × 106 M-1) is about five 
times smaller than the latter (10.12 × 106 M-1). The work described in this dissertation 
provides a series of new insights into AuNP-OT interaction, and structure and properties 
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Noble metal nanoparticles have gained considerable attention in both the 
academic and industrial research community over recent decades.1-5 Due to a high 
percentage of surface atoms, nanoparticles (NPs) exhibit different properties that are not 
present in their bulk materials. Thus at the nanoscale, physical and chemical properties of 
a metal can differ significantly from that at the macroscopic level. For example, gold is a 
yellow-colored metal in its bulk form, while it may be wine red or purple at the 
nanoscale. With their unique electromagnetic and chemical properties, metal 
nanoparticles have found applications in diverse areas that include medicine, biosensing, 
drug delivery, plasmonic solar cells, and chemical catalysis.5-9 In many of these 
applications, nanoparticle surface modification is a common strategy to improve 
nanoparticle functionality, stability, and target specificity. To extend these applications, 
fundamental understanding of molecule-NP interfaces is essential because it directly 
relates to the binding mechanism, binding affinity, surface packing density, and structure 
of molecules that have significant importance to the functionality of these NPs. 
Among the noble metal NPs, AuNPs (gold nanoparticles) are promising 
candidates for systematic studies of organothiol (OT) interactions because their particle 
size and shape can be easily controlled by well-established methods to provide a variety 
of surface chemistries. AuNPs are typically synthesized by the citrate reduction method 
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introduced by Turkevich et al. in the 1950’s.10 In this synthesis method, AuCl4- was 
reduced with citrate in aqueous solution resulting in spherical particles with diameters 
smaller than 100 nm. AuNPs are stabilized by the adsorbed citrate ions on the AuNP 
surface providing negative surface charges to electrostatistically suspend the AuNPs in 
solution.11 AuNP aggregation can occur upon addition of ionic salts, binding of small 
molecules, or altering the pH of the medium. Another common method for AuNP 
synthesis is the phase transfer method that was pioneered by Brust et al. in 1994.12 In this 
synthesis method, AuNPs are stabilized by a chemisorbed OT capping layer. The size of 
the AuNP can be tuned by varying the Au(III):OT ratio during synthesis.13 One 
disadvantage of this method is that only a narrow size range (2-8 nm diameters) of 
AuNPs can be synthesized.   
Self-assembled monolayers (SAMs) are ordered molecular assemblies that are 
formed by molecules spontaneously adsorbing onto a substrate. Self-assembled 
monolayers of OTs on planar gold film surfaces have been extensively studied,14-18  and 
their structure and composition are relatively well characterized. Unlike SAM on flat 
metal films, OT self-assembly onto AuNPs has been poorly understood due to the very 
complex surface structure with terraces, edges, and vertices arising from inherent 
curvature and faceting. Gold atoms under these conditions have different interactions 
with OTs than those of gold atoms in planar surfaces. The study of OT interaction with a 
planar gold surface is important, however, it does not provide the detailed understanding 




Although n-alkanethiols are the most commonly studied OTs on gold surfaces,19-
21 aromatic OTs have recently received attention because of their molecular rigidity, high 
electronic conductivity, and nonlinear optical properties.22 In this study, the interaction of 
OTs with AuNPs in water were studied using four model OTs (Figure 1.1) including 
methylbenzenethiol (MBT), mercaptobenzimidazole (MBI), benzenedithiol (BDT), and 
mercaptoethanol (ME). They were chosen for the following reasons. First, these OTs are 
commonly used in AuNP-based SERS studies23, 24 and understanding the mechanism of 
their interaction with AuNPs may provide new insight for spectral interpretation.  
Second, these aromatic OTs are highly UV-Vis, Raman, and surface-enhanced Raman 
spectroscopy (SERS) active, which are important for determining OT structure and 
concentration on the AuNPs and in solution.  Third, all OTs employed here have 
previously been used to study OT interactions with planar gold films.25-27  Studying the 
binding of these specific OTs with AuNPs allows us to compare and contrast our results 
to those using planar gold surfaces. Fourth, as a heterocyclic thiocompound, MBI has 
been widely employed as a model molecule to study molecular tautomerization. 26, 28, 29 
 





Surface modification is an easy strategy to provide AuNPs with the necessary 
functionality, stability, and target specificity to suit specific applications. Surface 
functionalization of gold nanoparticles is performed mainly by using two approaches. 
One approach is surface modification of colloidal NPs by chemisorption of various 
organic ligands after AuNP synthesis, and the other involves the one-step synthesis of 
organic ligand-modified colloidal AuNPs. The one-step synthesis of organic ligand-
modified AuNPs is based on the Burst method in which Au3+ is reduced in the presence 
of organic molecules.12  During the AuNP synthesis, organic molecules are employed to 
prevent NP aggregation, precipitation, and to control the growth of the particles. A wide 
range of organic ligands such as organothiols (OTs), amines, and phosphines have been 
utilized to functionalize AuNPs through covalent bonding or non-covalent interactions 
(physisorption and electrostatic interactions).2, 30-32 Surface modification using OTs 
adsorbed on the gold surface is a well-established route. OTs are widely employed due to 
the strong Au-S covalent bond between the OT and gold due to the soft acid and base 
character of gold and sulfur, respectively, that allows their ease of SAM preparation and 
stability.2, 30 
Organothiols interactions with AuNPs 
With their ability to bind to the gold surface through the formation of a Au-S 
bond, OTs have been used extensively as reagents for gold surface functionalization.  
Thiolation is the most common strategy in immobilization of biomolecules onto gold 
surfaces. The coating on the AuNP determines a large fraction of the particles’ chemical 
and physical properties such as stability, solubility, reactivity, and electric properties. 
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AuNPs functionalized with OTs or thiolated biomolecules have found a large number of 
potential applications, including cancer imaging, sensors, and drug delivery.2, 33-36 
OTs self-assembled onto gold surfaces were introduced by Nuzzo and Allara in 
1983.37 Since then, a wide range of OTs including monothiols, dithiols, aromatic thiols, 
and aliphatic thiols have been used for formation of SAMs on planar gold and AuNP 
surfaces. The most common way to functionalize planar gold film and AuNPs with OTs 
is incubating the gold substrate with an excess amount of freshly prepared OT for a few 
hours at room temperature. Typically, it takes from seconds to minutes for the OTs to 
replace the weakly bound capping agents and cover the gold surface; however, it may 
require hours to form densely and structurally organized SAMs because of the relatively 
slow dynamics of surface OT translation.2  The rapid adsorption of OTs to the gold 
surface is governed by the formation of a strong, covalent Au-S bond. The slow 
reorganization step is driven by weak lateral interactions between hydrocarbon parts of 
the OT molecules. A number of factors can affect the structure and rate of SAM 
formation including: concentration of OT, purity of the OT solution, solvent, 
temperature, immersion time, concentration of dissolved oxygen in solution, size and 
shape of the nanostructure, and obviously the structure of the OT.2  
The chemistry involved in Au-S bond formation is, in principle, the most 
straightforward. However, the exact mechanism, nature of the Au-S bond, and the 
arrangement of OTs on the gold surface still remain elusive.2, 38 It is very important to 
understand AuNP interactions with organothiols, thiolated biomolecules, and thiolated 
polymers for development of AuNP-based devices. However, quantitative investigation 
of OTs or thiolated biomolecules binding with AuNPs has been quite limited. 
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Analytical techniques for studying organothiol-nanoparticle interactions 
Surface analytical techniques are important for a comprehensive understanding of 
nanoparticle chemistry and surface science. However, characterization and quantification 
of adsorbed OTs on AuNPs are very challenging, since OT-AuNP composites are solid-
phase samples coated with very small amounts of OT. Therefore, this small amount limits 
the application of common surface analytical techniques for characterization and 
quantification of OTs at nanoparticle interfaces due to a lack of spatial resolution at the 
individual nanoparticle level.  
The adsorption mechanism and structure of OTs at AuNP surfaces have been 
studied with various analytical methods, including Fourier transform infrared 
spectroscopy (FTIR),26 nuclear magnetic resonance (NMR),39, 40 X-ray photoelectron 
spectroscopy (XPS),41, 42 and surface-enhanced Raman spectroscopy (SERS).43  Recently, 
1H and 13C NMR were applied for structural characterization of small organothiols 
adsorbed onto gold nanoparticles.40 Haes et al. studied the interaction of 6-
mercaptohexanoic acid with AuNPs using 1H-NMR. They observed that 6-
mercaptohexanoic acid functionalized AuNP 1H-NMR spectra do not contain a proton 
signal associated with the S-H group, and the peak associated with neighboring protons 
(on C 6) went from a quartet to a triplet. They concluded that the proton associated with 
the S-H group is either close to the gold surface or no longer present on the 
mercaptohexanoic acid. 44 Attachment of OTs to gold nanoparticles leads to the 
disappearance of some peaks associated with OTs due to significant NMR peak 
broadening and results in a featureless NMR spectrum. These drawbacks prevent full 
structural characterization of OTs bound to AuNPs. 
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XPS can provide the composition of elements of SAM on the Au surface and 
highly useful information about the nature of the Au-S bond.  Volkert et al. used XPS to 
differentiate the bound and unbound OT species on the AuNP surface. They also 
calculated the OT packing density on AuNP surfaces using the S:Au peak ratio over 
different OT concentrations.45  Zhang et al. used XPS techniques to characterize 
mercapopyridiene bound AuNPs, and based on the binding energies of S and N atoms, 
they proposed that mercaptopyridiene binds to AuNP through the S atom and not by the 
N atom. Further, they reported that mercaptopyridiene binds to AuNP surfaces as the 
thiolate form not the thione form.42     
Vibrational spectroscopy has been extensively used to monitor the conformational 
orientations and characterize the structure of OTs and other molecules on AuNP 
surfaces.46 Raman and IR have been used to elucidate the structure of OTs on NP 
surfaces.47 The alkanethiol’s orientation on AuNPs is determined based on the IR 
vibrational modes and with the help of surface selection rules.21, 48 The OTs adsorption 
onto the AuNP through S-H bond cleavage is confirmed by the absence of the IR 
absorption band at 2550 cm-1 corresponding to the S-H stretching vibration in the FTIR 
spectrum of the AuNP/OT mixture.47, 49  Zhang et al. studied the tautomerism of aromatic 
heterocyclic mercaptans on AuNP surfaces using FTIR in transmission mode.42 FTIR has 
several advantages over other methods, including both simplicity of data analysis and 
experimentation, but FTIR suffers from major limitations due to spectral interference 
from solvents, resolution, and experimental sensitivity.   
In contrast, SERS is an effective technique for studying nanoparticle surface 
interactions with analytes due to higher molecular specificity and selectivity of the SERS 
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method. Another advantage of SERS is that it is an excellent tool for studying the Au-OT 
interaction due to the strong electromagnetic field enhancement that is induced at the 
molecular-metal interface enabling single molecular sensitivity.20 While extensive 
literature exists on the qualitative study of ligand interactions with nanoparticle surfaces, 
there are relatively few quantitative studies that deal with comparative ligand absorption 
onto AuNPs. Due to the lack of a robust and efficient nanoparticle ligand quantification 
technique, important information detailing ligand adsorption onto nanoparticles is absent. 
Combining experimental and calculated data is an effective way to study the 
conformation and orientation of OTs adsorbed onto metal surfaces.50-52 In this work, we 
have taken advantage of the localized surface plasmon resonance (LSPR) of NPs and 
SERS as tools to quantitatively study OT interactions with AuNPs. 
Localized surface plasmon resonance (LSPR) 
AuNPs have extraordinary optical properties that have been widely researched.53-
55 AuNPs exhibit a strong UV-vis extinction band that is not present in their bulk gold 
form. This extinction is caused when the incident light frequency resonates with the 
collective oscillation of the conduction electrons of AuNPs. This phenomenon is called 
localized surface plasmon resonance (LSPR). Figure 1.2 shows the schematic illustration 
of surface plasmon oscillation for a sphere. The most conventional way to demonstrate 
the plasmonic properties of metal nanoparticles is to measure their extinction spectrum 
using a UV-Vis spectrometer. Metal NPs show strong absorption/ scattering at their 




Figure 1.2 Schematic representation of plasmon oscillation for a metal sphere. 
Reproduced from.56 
 
LSPR of plasmonic NPs can be easily tuned by changing the material, size, shape, 
dielectric properties, and aggregation state of the NPs.54, 56 LSPR increases as the NP 
particle size (from 10 to 100 nm) increases, due to an increase in the extinction 
coefficient of NPs.56 The Mie theory can explain the particle size dependency of the 








Cλ  - extinction cross section for the nanoparticle 
R - radius of the nanoparticle 
λ  - wavelength of the electromagnetic wave 
εout - complex dielectric function of the metal particle embedded in the surrounding 
matrix 
ε1 and ε2 - dielectric constant of real and imaginary parts of the material 
LSPR results in enhanced local electromagnetic fields near the surface of NPs that 
account for the strong signals observed in surface-enhanced Raman spectroscopy 
(SERS). As the plasmonic NPs come closer (aggregation of NPs), the electric field 
generated increases due to plasmonic coupling between neighboring NPs.59-61 
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Surface-enhanced Raman scattering (SERS) 
The strongly enhanced LSPR of noble metal nanoparticles at an incident 
electromagnetic field makes them excellent scatterers and absorbers of visible light. Since 
its discovery in the 1970s, surface enhanced Raman spectroscopy (SERS) has become a 
highly useful analytical tool for studying ligand adsorption on metal surfaces such as Cu, 
Ag, and Au due to its single molecule detection sensitivity, compatibility with aqueous 
environment, and fingerprint like selectivity.62-65  SERS utilizes noble metal nanoparticles 
to enhance the Raman signal by many orders of magnitudes (~108). Gold and silver based 
nanoparticles of various sizes, shapes, and compositions have been used as substrates for 
surface enhanced Raman spectroscopic acquisitions.  The potential of SERS has not been 
fully appreciated due to poor understanding of the SERS enhancement mechanism. 
However, the SERS enhancement mechanism is generally described by two effects, the 
long-range electromagnetic effect (EM) and a short-range chemical effect (CM). It is 
impossible to separate these two enhancement effects. The interactions between the metal 
surface and adsorbed molecules are responsible for the CM effect. CM is mostly due to 
charge transfer (CT) interactions of adsorbed molecules with the metal nanoparticle 
(typically two orders of magnitude).66-68 Despite the small contribution of the CM effect, 
it is essential to the SERS enhancement process. The EM effect is the main contributor to 
SERS enhancement (typically six orders of magnitude) and arises from the resonances of 
the incident electromagnetic field with the surface plasmons of the metallic 
nanoparticles.69-72 The electric field induced at the surface of a small spherical metal 









 ε1 (ω) - frequency dependent dielectric function of metal 
 ε2  - relative permittivity of the ambient phase 
It is well-established that for high electromagnetic enhancement the nanoparticles 
have to be brought into close proximity to each other.  Theoretical work predicts that the 
smaller the interparticle distance, the higher the electromagnetic (EM) enhancement 
integrated over the entire nanoparticle surfaces. Reducing the interparticle distance 
increases the Raman signal of molecules at the interparticle gap because they experience 
the enhanced electric field exceeding that of the isolated NP by several orders of 
magnitude.74-76 In nanoparticle based SERS spectral acquisition, a small interparticle gap 
is commonly achieved through nanoparticle assembly by inducing aggregation, which is 
accomplished through addition of electrolytes such as NaCl and KCl,77 analyte 
adsorption, or drop drying nanoparticle colloidal solutions.78-81 Because of their binding 
affinity with gold and silver, however, essentially all organothiols are amenable for SERS 
acquisition, although the SERS sensitivity of different organothiols varies significantly 
due to their structural characteristics. 
Thesis objective 
Our group is interested in the nanoparticle interfacial interaction of organic 
molecules with noble metal nanoparticles and their SERS applications.  As part of our 
continuing effort to deepen the fundamental understanding of the interplay between 
ligand adsorption and SERS activity, reported herein is our recent study of 
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mercaptobenzimidazole (MBI), methylbenzenethiol, benzenedithiol, and mercaptoethanol 
adsorption onto AuNPs in water.  The key objectives of this investigation are (a) 
elucidation of the mechanism of the S-H cleavage (radical dissociation or deprotonation) 
of the OT when it binds with AuNPs in water and the fate of the cleaved hydrogen, (b) 
determination of conformation and orientation of MBI on the AuNP surface, and (c) 
determination of the MBI packing density and binding affinity on AuNPs.  
This dissertation is composed of four related chapters. Chapter 1 is an overview of 
the study, including the current state-of-knowledge of the subjects allied to the 
dissertation. Chapter 2 describes the mechanism of the S-H cleavage in an OT when it 
binds with AuNPs in water and the fate of the cleaved hydrogen. By measuring the 
solution pH and correlating the measured pH of the solution with the amount of OT 
adsorbed onto the gold surface, and comparing the normal Raman and SERS of OT 
adsorbed onto the gold surface at different pHs, we were be able to gain insight into the 
mechanism of OT interaction with AuNPs. Chapter 3 describes a novel ligand 
quantification technique based on isotope encoded SERS internal reference (IESIR) 
method to quantitatively study an MBI adsorption onto the AuNP surface. With the help 
of the IESIR method, the packing density and biding affinity of MBI on AuNP surface 
were calculated. The key focus of Chapter 4 is to study the conformation and orientation 
of MBI on the AuNP surface using a combined experimental and computational study. In 
addition to providing new insight on OT interactions with AuNPs, the work reported in 
this dissertation is important for designing an effective route for the attachment of 





ORGANOTHIOLS SELF-ASSEMBLED ONTO GOLD: EVIDENCE OF 
DEPROTONATION OF THE SULFUR-BOUND HYDROGEN  
AND CHARGE-TRANSFER OF THE THIOLATE 
Abstract 
Organothiol (OT) adsorption onto gold nanoparticles (AuNPs) and gold powder 
was studied in 50% aqueous ethanol and in water. The OT solution rapidly acidifies upon 
addition of AuNPs or Au powder, and the number of protons released into the solution is 
proportional to the amount of OT adsorbed onto the gold surface.  Theoretical 
calculations, and normal Raman and surface enhanced Raman spectroscopic (SERS) 
measurements show that the pKa of the OTs adsorbed onto AuNPs can be more than 10 
pH units smaller than the pKa of OT in solution.  The pH measurements of OT binding to 
AuNP solutions suggest that there is a substantial fraction (up to 45%) of protons derived 
from the surface adsorbed OTs retained close to the gold surface, presumably as the 
counter-ion to the negatively-charged, thiolate-covered AuNPs.  Charge-transfer between 
the surface-adsorbed thiolate and the AuNPs is demonstrated by the quenching of the OT 
UV-vis absorption when the OTs are adsorbed onto the synthesized AuNPs or bovine 




Organothiols (OTs) and thiolated biomolecules have been used extensively for 
surface modification of gold nanoparticles (AuNPs) and planar gold films to improve 
their stability, functionality, and biocompatibility.6, 82-85 The current understanding of 
thiol-gold binding has been derived mostly from thiol interactions with gold clusters and 
planar gold films in organic solvents or high vacuum. For example, Matthiesen et al. 
recently showed that hydrogen molecules are produced from dodecanethiol and 
phenylethanethiol binding to AuNPs in acetone, and the corresponding surface gold 
atoms are positively charged (eg. Au+).86  Hasan et al. believed that sulfur-bound 
hydrogen remains intact on gold clusters with sizes of 2-5 nm in diameter,39 while 
Kankate and others observed the formation of hydrogen when OTs are adsorbed onto 
AuNPs.87, 88 The RS-H bond is believed to be cleaved upon OT binding to the gold 
surface in water or in polar solvents such as ethanol (EtOH).89-93   However, the exact 
mechanism of the S-H cleavage (radical dissociation or deprotonation) and the fate of the 
cleaved hydrogen remain unclear.94-96 
Presented herein is direct, definitive evidence for deprotonation of the sulfur-
bound hydrogen in OTs self-assembled onto AuNPs. Protons are released into the 
solution upon binding OTs to the gold, and the quantity of protons released to the solvent 
is proportional to the amount of OTs adsorbed. A back-of-the-envelope calculation shows 
the deprotonation reaction is a highly thermodynamically-favored process for OT on Au. 
Mercaptoethanol (ME), methylbenzenethiol (MBT), and benzenedithiol (BDT) were used 
as model aliphatic or aromatic OTs (Figure 2.1). In-house prepared citrate reduced 
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AuNPs (~13 nm in diameter) and commercial gold powder of 10 to 20 µm in diameter 
were used in this work (Figure 2.2). 
 




All chemicals and gold powder (assay ≥ 99.9%) were purchased from Sigma-
Aldrich except for benzenedithiol (BDT) which was purchased from Alfa Aesar. 
Nanopure water was used throughout the experiments.  The RamChip slide used for the 
surface enhanced Raman spectroscopic (SERS) acquisition was obtained from Z&S 
Tech. LLC.  It is important to note that the RamChip is a normal Raman substrate that is 
both fluorescence and Raman-background free.79, 97 The normal Raman and SERS 
spectra were obtained with a LabRam HR800 (Horiba Jobin-Yvon) confocal Raman 
microscope system and a 633 nm Raman excitation laser.  UV-visible measurements 





AuNPs were prepared using the citrate reduction method.98 Briefly, 0.0415 g of 
gold(III) chloride trihydrate was added to 150 mL of Nanopure water (18.2 MΩ cm).  
The solution was brought to a boil, and then 3 mL of 1% sodium citrate dehydrate was 
added.  The solution was kept boiling for another ~1 hr before cooling to room 
temperature.  The surface plasmonic peak absorbance of the as-synthesized AuNPs is at 
520 nm.  A TEM image shows the particle size of in-house synthesized AuNPs is ~ 13 
nm in diameter (Figure 2.2). 
 
Figure 2.2 The UV–vis spectrum and a TEM image for in-house-synthesized AuNP 
solution. 
 
Washing the AuNP aggregates and gold powder 
Possible molecular adsorbates, such as citrate ions on AuNPs and other impurities 
on gold powder, might interfere with the detection of pH change induced by OT 
adsorption onto the surface of gold powder and aggregated AuNPs.  These impurities 
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were removed by centrifugation using a benchtop Eppendorf centrifuge machine. Briefly, 
the suitable amount of KCl was added into 200 mL of as-synthesized colloidal AuNP 
solution (~2.6 nmoles) to induce AuNP aggregation and settlement.  After removal of the 
supernatant, the settled AuNP aggregates were transferred to a 2 mL Eppendorf tube for 
washing.  For each washing, ~2 mL of 50% aqueous EtOH was added into the settled 
AuNPs, and the solution was vortexed for several minutes before centrifugal removal of 
the supernatant liquid. This process was repeated 2 more times after the supernatant pH 
became identical to the pH of washing solvent (50% aqueous EtOH) (pH 5.5).  The 
washed AuNP aggregates were dried in a laminar flow chamber before their addition to 
OT solution. Gold powder was washed the same way as the AuNP aggregates. 
Quantification of MBT or BDT adsorbed onto AuNPs and protons released to 
solution 
Thoroughly washed, dried, and aggregated AuNPs were added into 1.0 mL of OT 
in 50 % aqueous EtOH (initial concentration of MBT and BDT are 0.75 mM and 1.1 
mM, respectively, and the initial pH values of the MBT and BDT solutions were both 
5.5). These AuNP suspensions in the OT solutions were continuously shaken before 
performing each UV-vis measurement of the amount of OT adsorbed onto the AuNPs 
and each pH quantification of the number of the protons released by the adsorbed OT.  
To measure the pH value and UV-vis spectrum of the OT binding solution, each 
OT/AuNP mixture was centrifuged for ~10 s to separate the aggregated AuNPs from the 
supernatant.  The supernatant’s pH was measured using a calibrated pH meter (AB 15, 
Accumet Basic, Fisher Scientific). The pH meter was calibrated with aqueous biphthalate 
(pH 4.00), phosphate monobasic (pH 7.00), and carbonate – borate (10.00) buffer 
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solutions. Free OT (unreacted) in the supernatant was quantified using a Fisher Scientific 
Evolution 300 UV-Visible spectrophotometer (Waltham, MA). 
pH changes of OT solutions induced by the dried gold powder 
The initial pH of the saturated MBT solution in 50 % aqueous EtOH solvent was 
5.27.  The pH of the supernatant was measured after addition of thoroughly washed and 
dried 0.168 g gold powder into 1.0 ml of 1.0 mM MBT in 50 % aqueous EtOH solvent. 
The MBT/gold powder mixture was centrifuged for ~10 s to separate the gold powder 
from the supernatant. The pH of the supernatant was measured using a calibrated pH 
meter (AB 15, Accumet Basic, Fisher Scientific). This experiment was repeated in the 
same solvent system with gold powder and ME. The initial pH of the saturated ME 
solution in 50 % aqueous EtOH solvent was 6.71.  The pH of the supernatant was 
measured after addition of thoroughly washed and dried 0.150 g gold powder into 1.0 mL 
of 10 mM ME in 50 % aqueous EtOH solvent. 
Normal Raman spectra of the OTs 
Normal Raman spectra of OTs were acquired with both neat MBT crystal, BDT 
solid, and ME liquid, and ~20 mM solutions of MBT, BDT, and ME dissolved in NaOH 
of proper concentrations. The Raman spectra of the neat solid or liquid OTs and the OTs 
dissolved in NaOH were acquired by depositing a flake of OT solid or a drop of OT 
solution onto the RamChip slide. Normal Raman spectra of OT at different pHs were 
acquired on solutions for the 20 mM OT dissolved in 0.1M NaOH. The pH values of OT 
solutions were adjusted using 0.1 M NaOH or 0.1M HCl.  The exact pH values of the 
resulting solutions were determined using a pH meter (Basic, Fisher Scientific). The pH 
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dependence of the normal Raman spectra of BDT were studied with saturated BDT 
dissolved in 0.01, 0.10, and1.0 M NaOH solutions. All the normal OT Raman spectra 
were taken with an Olympus 20 × objective, grating of 600 grooves/mm, and a laser 
intensity entering the sample of 13 mW. The spectral integration time varied from 5 s to 
10 s for the solid sample and 1 min to 30 min for the solution samples. The Raman shift 
was calibrated with a neon lamp and the Raman shift accuracy was ~0.5 cm-1. 
SERS of OTs  
The pH dependence of the OT SERS spectra was measured with OTs dissolved in 
different pH solutions. After mixing the OTs with the AuNPs, 10 µL each of OT/AuNP 
mixture was deposited on the RamChip slide for the SERS spectra acquisition. All the 
SERS spectra of the OTs on AuNPs were taken with an Olympus 10 × objective 
(NA=0.25), a grating of 600 grooves/mm, and a laser intensity entering the sample of 1.3 
mW. The spectral integration time varied from 50 s to 150 s.  The Raman shift was 
calibrated with a neon lamp and the Raman shift accuracy was ~0.5 cm-1. 
X-ray photoelectron spectroscopy (XPS) measurements 
 XPS measurements were performed using the Axis 165 (Kratos Analytical) with 
a monochromatic AlKα source (1486.7 eV) at 144 W and a hemispherical electron energy 
analyzer equipped with 8 channeltron detectors. Survey scans were run at a pass energy 
of 160 eV and Au 4f region spectra were obtained at 40 eV pass energy.  A two point 
calibration of the energy scale was carried out using sputtered-cleaned Au ( Au 4f7/2, 
Binding energy = 84.00 eV) and Cu ( Cu 2p3/2,  Binding energy = 933.67 eV) samples. 
The data collection was performed with the Kratos vision 2.2.7 Beta software package. 
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Results and discussion 
In a typical experiment, the AuNPs were aggregated and repeatedly washed with 
50% aqueous ethanol to remove possible molecular adsorbates including citrate ions on 
the AuNP surface that may interfere with the detection of pH changes induced by OT 
adsorption.  After decanting the solvent, the aggregated AuNPs were dried at room 
temperature in a laminar flow chamber. The Au powder was washed using the same 
procedure as the AuNP aggregates. The correlation between the amount of OT adsorbed 
and the quantity of protons released to the solution was studied using aromatic OTs in 
50% aqueous ethanol.  Aromatic OTs were chosen for this study because they exhibit 
UV-vis aborption, which allows us to quantify the amount of OT adsorbed.  We used a 
H2O/EtOH solution, instead of H2O alone, due to the poor solubility of aromatic OTs in 
water. 
Immediate MBT and BDT adsorption onto AuNPs was observed (Figure 2.3 A 
and 2.3 B) upon the addition of dried AuNP aggregates into the MBT and BDT solutions, 
respectively.  The pH of the MBT and BDT supernatant solutions also decreased 
immediately (Figure 2.3 C and 2.3 D).  The OT adsorption and pH change reached a 
static state after ~20 min of the sample incubation, indicating that MBT and BDT 
adsorption onto AuNPs had been mostly completed.  The linear correlation between the 
amount of OT adsorbed and the amount of proton released (inset in Figure 2.3 C and 2.3 
D) indicates that the reduction of the solution pH induced by MBT and BDT is due to the 
OT adsorption onto the AuNPs.  No pH changes were observed in the controls that were 




Figure 2.3 Amount of (A) MBT and (B) BDT adsorbed onto the AuNPs and the pH of 
(C) MBT and (D) BDT solutions as a function of time after the AuNP 
addition.  
Notes: The solutions are prepared by adding 2.6 nmoles of AuNPs, which are pre-
aggregated, extensively-washed, and dried, into a 1 mL 0.75 mM MBT or a 1.1 mM BDT 
solution.  Insets in (A) and (B) are the representative time-resolved UV-vis spectra of the 
10x diluted supernatant of the ligand binding solution. The insets in (C) and (D) are the 
correlations between the amount of MBT (or BDT) adsorbed onto pre-aggregated AuNPs 
and the number of protons released to solution. 
The amount of MBT and BDT adsorbed onto the pre-aggregated AuNPs is 
significantly less than when MBT and BDT were directly mixed with the equal amount of 
as-synthesized AuNPs (without pre-aggregation).  This shows that aggregation reduces 
the surface area of the as-synthesized ~13 nm AuNPs.  Our quantitative ligand adsorption 
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measurements showed that the MBT and DBT packing densities on as-synthesized 
AuNPs are ~550 and ~590 pmol/cm2, respectively. Figure 2.4 shows that under our 
experimental conditions, the maximum amount of MBT and BDT on as-synthesized 
AuNPs was 22.5, and 24.2 nmoles, respectively. Since the amount of AuNPs used in both 
samples was 12.8 pmoles and the size of the AuNP is ~13 nm in diameter, the nominal 
packing density of MBT and BDT on the AuNPs are 550 and 590 pmol/cm2 respectively. 
 
Figure 2.4 The UV-vis spectrum obtained for (A) MBT and (B) BDT solutions. (a) 
MBT or BDT controls without AuNPs and (b) the supernatant of the UV-
vis spectrum of MBT or BDT mixed with AuNPs.  
Notes: The supernatant UV-vis spectra were taken after the AuNPs in thiol/AuNP 
mixtures were completely settled after overnight incubation (a few crystals of KCl were 
added if needed to induce the AuNP aggregation). The nominal MBT, BDT, and AuNP 
(~13 nm) concentrations are 11.2 µM, 12.1 µM, and 6.4 nM, respectively. 
The nominal packing densities of MBT and BDT on the pre-aggregated AuNPs 
deduced from data in Figure 2.3 are only 80.6 pmol/cm2 and 131 pmol/cm2, respectively. 
Figure 2.3 in the main text showed that the maximum amount of MBT and BDT adsorbed 
onto the pre-aggregated AuNPs are 670 and 1085 nmoles, respectively. Since the amount 
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of AuNPs used in both samples is 2.6 nmoles and the size of the AuNPs is ~13 nm in 
diameter, the nominal packing density of MBT and BDT on the AuNPs are 80.6 and 131 
pmol/cm2 respectively. Our TEM measurements show that many pre-aggregated AuNPs 
are fused together before the MBT and BDT addition (Figure 2.5), which inevitably 
reduces AuNP surface areas and the accessibility of gold AuNP surface for subsequent 
organothiol adsorption. 
 
Figure 2.5 TEM image of the AuNPs that were pre-aggregated by KCl.  
Notes: TEM image shows that many AuNPs are fused together. The scale bar is 20 nm. 
Deprotonation was also observed for ME, the model aliphatic OT used in this 
work.  The pH of saturated ME in both 50% aqueous ethanol and in water changed from 
~6.7 to 4.2 upon addition of AuNP aggregates.  Similar pH changes were also observed 
by adding gold powder into the OT solutions.   These experimental data indicate that 
deprotonation reaction is a common phenomenon for OTs assembled on Au in water and 
water-containing solvents, regardless of whether the OT is aliphatic or aromatic, and 
whether or not the Au is in the form of AuNPs or Au powder. 
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Importantly, data in Figure 2.3 showed that experimental stoichiometric ratios 
between the number of protons released to solution and the amount of OT adsorbed are 
0.55 (± 0.02) and 0.55 (± 0.04) for MBT and BDT, respectively.  Either not all the sulfur-
bound hydrogens are deprotonated on AuNPs as the OTs are adsorbed, or not all the 
deprotonated hydrogens are released to solution.  The measured stoichiometric ratios for 
MBT and BDT should be 1 and 2, respectively, if all the sulfur-bound hydrogens are 
deprotonated and released into the bulk solution upon their binding to Au. 
If there were any deprotonated hydrogens that are not released into the bulk 
solution upon MBT binding to Au we could add 1 M KCl into the MBT adsorbed AuNPs 
to completely release the deprotonated hydrogens from MBT/AuNPs aggregates. There 
were no significant pH changes in the MBT binding solution after KCl addition. 
However, this observation does not dispute our hypothesis that not all the deprotonated 
hydrogens are released into the solution. This observation suggests that a fraction of 
deprotonated hydrogens are trapped inside the MBT SAM where K+ can not diffuse 
through the MBT SAM layer on AuNPs and replace the trapped deprotonated hydrogens.   
Theoretical calculations show that sulfur-bound hydrogen should be completely 
deprotonated when monothiols are adsorbed onto gold in water.  OT adsorption onto 
metal NP was proposed to reduce the OT pKa values,99, 100 but this was not 
experimentally confirmed. Conceptually, monothiol adsorption onto gold as a thiolate 




The acid dissociation constant of OTs adsorbed onto AuNPs, AuNPapK , can then 











where o1G∆ , o2G∆ , and o3G∆ are the Gibbs free energies associated with reactions 
(i), (ii), and (iii), respectively, and pKa is the acid dissociation constant of the OT in 
water,  which is ~10 for aliphatic monothiols and ~7 for aromatic monothiols.101-103 Using 
the literature value of the binding energy of the thiolate  (RS-) with gold, which is -85 
kJ/mol,30, 104 the predicted AuNPapK should be smaller than 0 for an thiol adsorbed onto 
gold.  It is clear that the OT deprotonation on Au surface in water is a highly 




Figure 2.6 pH dependence of the normal Raman (top plot) and SERS (bottom plot) 
spectra of (A) MBT, (B) ME, and (C) BDT.   
 
Consistent with this theoretical prediction is the total absence of the Raman signal 
for the S-H stretch (2550 cm-1) in the MBT and ME SERS spectra, regardless of the pH 
of the SERS samples (Figure 2.6).  This result indicates that the sulfur-bound hydrogen is 
completely deprotonated for MBT and ME on AuNPs even when the solution pH is as 
low as 0 (1M HCl).  In contrast, complete deprotonation of the sulfur-bound hydrogen in 
MBT and ME in water (not on AuNPs) occurs only when the solution pH is higher than 
7.2, and 10.6 respectively.  This experimental data and the theoretical calculation 
demonstrate for the first time, that the pKa of the thiol group on AuNPs can be reduced 
by more than 10 pKa units.   
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The presence of the S-H stretching feature (2550 cm-1) in the BDT SERS spectra 
(Figure 2.6) indicates that only partial deprotonation of the two sulfur-bound hydrogens 
in each BDT occurred when BDT adsorbed onto AuNPs.  This SERS data, coupled with 
the observation that the experimental stoichiometric ratio between the number of protons 
released and the amount of OT adsorbed for BDT is similar to that of MBT, strongly 
suggest that only one of the two sulfur-bound hydrogens in BDT is deprotonated when 
BDT adsorbs onto AuNPs. 
The incomplete deprotonation of the sulfur-bound hydrogens in BDT adsorbed on 
AuNPs is consistent with our normal Raman data, which shows the pKa for the second 
sulfur-bound hydrogen is exceedingly high in solution. Unlike MBT that has all the 
sulfur-bound hydrogen completely deprotonated in a pH 7.5 solution (Figure 2.6), there is 
a remarkably strong S-H signal in the BDT Raman spectrum even for BDT dissolved in 1 
M NaOH in which one of the sulfur-bound hydrogen is most likely deprotonated. 
Conceivably, the pKa for the first sulfur-bound hydrogen in BDT should be similar to the 
pKa of the MBT thiol group. The most sensible explanation for the presence of the S-H 
feature in BDT normal Raman spectra in strongly basic BDT solutions is a high pKa 
value for the second deprotonation reaction. The similar Raman intensity ratio between 
the S-H band and the benzene C-H stretch for BDT dissolved in 0.01 M and 1 M 
solutions confirms that the pKa for deprotonation of the second sulfur-bound hydrogen in 
BDT is larger than 14.  Otherwise, one would expect the Raman peak ratio between the 
S-H and benzene C-H stretch in the 1 M NaOH solution will be significantly smaller than 
in the 0.1 M solution. Our pH, Raman, and SERS data indicate that BDT is adsorbed as a 




Figure 2.7 (A) (blue) Additive UV-vis spectrum of AuNPs and BDT and (red) 
experimental UV-Vis spectrum of the AuNP and BDT mixture. (B) (blue) 
Additive spectrum of AuNP/BSA mixture and MBT and (red) experimental 
UV-Vis spectrum of the AuNP/BSA/MBT mixture.  
Notes: Experimental UV-Vis spectrum of the AuNP and BDT mixture was taken 30 min 
after the sample preparation. Inset in (A): (black) the difference spectra obtained by 
subtracting experimental spectrum of (AuNP/BDT) mixture from the additive spectra of 
AuNPs and BDT and (red) BDT UV-Vis spectrum corresponding to the amount of BDT 
adsorbed. In AuNP/BSA/MBT mixture, MBT is added 30 min after mixing AuNPs with 
BSA.  The experimental spectrum of AuNP/BSA/MBT was taken another 30 min after 
addition of MBT into the AuNP/BSA mixture. Inset: (black) the difference spectra 
obtained by subtracting experimental spectrum of (AuNP/BSA/MBT) mixture from the 
additive spectra of AuNP/BSA mixture and MBT. (red) MBT UV-Vis spectrum 
corresponding to the amount of MBT adsorbed. The AuNP, MBT, BDT, and BSA 
concentrations are 6.4 nM, 22.5 µM, 25.0 µM, and 3.0 µM, respectively. 
 
Experimental evidence of charge transfer between the thiolate and gold comes 
from the quenching of the BDT and MBT UV-vis absorption upon their binding to either 
as-synthesized or bovine serum albumin (BSA)- stabilized gold nanoparticles (Figure 
2.7).  Charge-transfer between heterocyclic OTs (mercaptobenzimidazole and 
mercaptopurine) and AuNPs has been reported.105, 106 However, possible charge transfer 
between hydrocarbon thiols and gold has, to our knowledge, not been demonstrated.  We 
used BSA-stabilized AuNPs for MBT (Figure 2.7), instead of as-synthesized AuNPs as 
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for BDT, because MBT adsorption onto the as-synthesized AuNPs induces spontaneous 
AuNP aggregation and settlement. In contrast, BDT adsorption onto AuNPs produces a 
water stable mixture.  The poor stability of the MBT/as-synthesized AuNP mixture can 
complicate UV-vis detection of possible charge transfer between MBT and the AuNPs. 
Fortunately the AuNP/MBT mixture is stable in solution if the AuNPs are first mixed 
with BSA before the MBT addition. We recently showed that OTs can penetrate and 
adsorb onto BSA-coated AuNPs without causing detectable protein desorption and AuNP 
aggregation.105 
 
Figure 2.8 (blue) Additive spectrum of (BSA/H2O) and (MBT/H2O) and (red) 
experimental UV−vis spectrum (BSA/MBT). 
Notes: Inset: (black) the difference spectra obtained by subtracting the experimental 
spectrum of (BSA/MBT) from the additive spectra of (BSA/H2O) and (MBT/H2O). The 
concentrations of BSA and MBT are 3.0 μM and 22.5μM in all the samples, respectively. 
The fact that there is no detectable UV-vis absorbance in the difference spectrum showed 
that either BSA/MBT has no significant interaction or the BSA/MBT interaction has no 
significant effect on the MBT UV-vis absorbance. 
 
The appearance of the MBT and BDT UV-vis features in the difference spectra 
(Figure 2.7) indicates that both MBT and BDT UV-vis absorption are quenched when 
they bind to AuNPs. Control experiments excluded the possibility that MBT UV-vis 
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absorption quenching is due to MBT/BSA interactions (Figure 2.8).  This quenching of 
the OT UV- vis transition by AuNPs is most likely due to the charge-transfer between the 
adsorbed OTs and AuNPs, i.e., electron density moving from thiolate to metallic gold, 
which is an excellent conductor.  This electron delocalization can drastically change the 
electronic transitions of the MBT and BDT adsorbed onto the AuNP surface and will 
change the UV-vis spectra of the ligands.   Such charge-transfer can also reduce the 
electrostatic repulsion among the surface adsorbed thiolates, explaining why negatively 
charged thiolates can form a densely packed monolayer onto gold nanoparticles and 
planar gold.  The UV-vis data in Figure 2.7, coupled with the charge-transfer reported 
between the heterocyclic OTs and gold nanoparticles,105, 106 strongly indicates that this 
transfer of charge is a general phenomenon for OTs adsorbed onto gold surfaces.39, 107-109  
The Au 4f7/2binding energy in both the MBT-bonded AuNPs and the as-
synthesized AuNPs is 84.0 eV (Figure 2.9).  This is in excellent agreement with 4f7/2 
binding energy reported for Au0.110-112  This result is consistent with the XPS data 
obtained with organothiol-bonded gold film,110, 113 but different from the recent report 
that the surface Au atoms in ~ 2-8 nm size range thiol functionalized Au clusters are 




Figure 2.9 Au 4f XPS spectra of (a) as-synthesized AuNPs and (b) MBT-bonded 
AuNP.  
Notes: The photoelectron intensity was scaled to be the same for easy comparison. 
The fact that only Au0 was detected with our XPS measurements on AuNPs with 
a MBT monolayer should not be viewed as contradictory to the aforementioned thiolate 
charge transfer to AuNPs.  First, less than 5% of the surface Au atoms can be negatively 
charged even if one assumes that all the negative charges from all the MBT anions are 
entirely transferred to, and confined within the first 5 nm below AuNP surfaces.  This can 
make it difficult for XPS detection of the charged Au atoms, especially considering the 
high conductivities of the gold. Second, it is unlikely for the thiolate anion to completely 
transfer all its negative charge to the AuNP during bond formation to gold since sulfur is 
more electronegative than gold.  The more realistic charge-transfer scenario is the 
electronic orbital hybridization involving both the thiolate moiety and AuNP moiety.  In 
other words, the AuNP-MBT complex behaves as a supramolecule where the negative 
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charge originating from the MBT moiety is distributed through the entire MBT-AuNP 
complex (Figure 2.10). 
 
Figure 2.10 Schematic representation of OT binding to AuNPs in water.   
Notes: All the sulfur-bonded hydrogens are deprotonated, but a fraction of these protons 
can be retained on the AuNP surface as counter ions to counterbalance negative charge 
that builds up in the gold surface due to the RS- binding. 
 
Conclusions 
In summary, both experimental measurements and theoretical calculations 
provide evidence that OTs are adsorbed as their thiolate forms on gold surfaces in both 
water and ethanol/water.  Thermodynamic calculations and SERS measurements showed 
that the pKa of sulfur-bound hydrogens of OTs on AuNPs can be reduced by more than 
10 pKa units.  Importantly, not all the deprotonated protons are released into the bulk 
solution.  A fraction of the deprotonated sulfur bound hydrogen atoms remain attached 
with, or in the close vicinity to the AuNP surface as counter ions to the thiolate covered 
gold surface.  Both the proton retention near or on the AuNP surface and the charge-
transfer between the surface adsorbed thiolate and the AuNP reduce the electrostatic 
repulsion among the thiolates that bind on the AuNP. This helps explain why the thiolate 




RATIOMETRIC SURFACE ENHANCED RAMAN QUANTIFICATION OF  
LIGAND ADSORPTION ONTO GOLD NANOPARTICLES 
Abstract 
Surface modification is essential in biomedical applications and 
nanotechnological developments. We report a novel method using surface-enhanced 
Raman spectroscopy (SERS) for quantifying ligand adsorption onto gold nanoparticles 
(AuNPs).   After centrifugal or settlement removal of the AuNP-ligand complex, the 
amount of unbound ligand in the supernatant was determined ratiometrically with an 
isotope-encoded SERS reference method where known amounts of isotope-substituted 
ligand were added to the supernatant as an internal reference.  Not only is this ratiometric 
method robust and accurate, but it is also very easy to perform. Using this technique, the 
binding constant and packing density of the model ligand mercaptobenzimidazole (MBI) 
on AuNPs were determined for the very first time. 
Introduction 
Because of their unique electromagnetic and chemical properties, gold 
nanoparticles (AuNPs) have remained a research topic of intense interest in recent years.  
The wide spectrum of AuNP applications includes biosensing114-116, cancer therapy6, 117, 
118, drug delivery119 and solar energy  harvesting120.  In many of these applications, 
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nanoparticle surface modification is a common strategy to improve nanoparticle 
functionality, stability, and target specificity.6, 82   Because of their ability to self-
assemble onto the AuNP surface, organic thiols have evolved as the most popular ligand 
to confer desirable properties to noble metal nanoparticles.   
While extensive work exists on the organic thiol/thione binding on flat gold metal 
or immobilized AuNP surfaces,2, 26, 121, 122 there are relatively few quantitative works that 
deal with ligand adsorption onto free (not immobilized) nanoparticles.  Important 
information such as packing density and binding constants of organic thiols onto free 
nanoparticle are largely absent.  Current methods for quantification of ligand adsorption 
onto nanoparticles mainly include fluorescence displacement methods,123  isothermal 
titration calorimetry,124 and others.125-127 Looking at these methods, fluorescence 
displacement is likely the most sensitive, however, it lacks general applicability as the 
ligand molecule has to be fluorescence-active or fluorophore-tagged.  In addition, this 
method involves multiple centrifugations complicating its workflow and limiting its 
quantification efficiency. 123   
Using mercaptobenzimidazole (MBI) as a model ligand, we report a novel ligand 
quantification technique (Figure 3.1) that is based on an isotope-encoded SERS internal 
reference (IESIR) method devised by Zhang et al.128 With IESIR, a known amount of 
internal reference that has the identical structure of the target analyte, but differs only in 
its isotope substitution, is added to the sample solution before its SERS measurement.  
Since the analyte and its internal reference have essentially identical binding 
characteristics with the SERS-active substrate, quantification errors resulting from 
interference of the sample matrix and from variations in the activity of SERS substrates 
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and excitation laser intensity are eliminated, making IESIR particularly attractive for 
quantitative applications. 
 
Figure 3.1 (A) Molecular structure of MBI-d0 and MBI-d4. (B) Workflow of the 
IESIR method for ligand quantification. 
Notes: (a) Centrifugal removal of AuNPs, (b) quantitative transfer of the supernatant, (c) 
spiking known amount of MBI-d4, and (d) ratiometric SERS quantification of MBI-d0. 
Asterisk in the Raman spectrum indicates the origins of the peaks. 
 
In addition to its high quantification accuracy, this IESIR method provides the 
following advantages over existing methods: (i) Wide applicability. With their binding 
affinity to noble metal surfaces, most AuNP ligands are amenable for SERS detection, 
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thus they can be quantified with the IESIR method.  (ii) Small sample consumption.  The 
total sample volume required for a typical SERS measurement is ~10 µL that is much 
smaller than what is needed for a typical fluorescence or UV-vis measurement.  (iii) High 
molecular specificity.  This feature is particularly important in studying ligand binding in 
complex sample matrixes or in samples containing two or more ligand molecules.  Using 
fingerprint-like information provided by Raman spectra, spectral interference from the 
sample matrix or co-ligand may be resolved based on their spectral signature, allowing 
accurate IESIR quantification of the ligand of interest.  
We chose MBI as our model ligand because of its importance in fundamental 
research and practical applications such as a plastic additive and anticorrosion reagent.  
As a heterocyclic thiocompound, MBI has been widely employed as a model molecule to 
study molecular tautomerization. 26, 28, 29   Depending on whether or not there is a mobile 
hydrogen atom associated with the sulfur atom, MBI can adopt both thione or thiol forms 
and it is the consensus that in solid and ethanol solution, MBI is mainly in the thione 
form.26, 28, 29 MBI can also self-assemble onto gold surfaces;26, 129, 130 a property that has 
been utilized for electrochemical sensing of Hg2+.130, 131  Despite the extensive literature 
on MBI interactions with gold surfaces, the MBI binding constant on gold is currently 
unknown and controversy remains regarding the exact mechanism of how MBI is 
adsorbed onto the gold surface.  For example, based on electrochemical results,  Doneax 
et al. proposed that MBI adsorbed onto flat gold electrodes through a thiolate form, with 
a saturation packing density of 490 pmol/cm2,26,132 while Sheela et al. believes that it is 




Chemicals and equipment 
All chemicals were purchased from Sigma-Aldrich Inc. (St. Louis, MO) except 
for 2-mercaptobenzimidazole-4,5,6,7-D4 (98D%) which was purchased from Medical 
Isotopes, Inc. (Pelham, NH).  Nanopure water was used throughout the experiments. The 
RamChip slide used for the SERS spectral acquisition was obtained from Z&S Tech. 
LLC. It is important to note that the RamChip is a normal Raman substrate that is both 
fluorescence- and Raman-background free; therefore no substrate background spectral 
subtraction is needed. UV-visible measurements were taken using a Fisher Scientific 
Evolution 300 UV-Visible spectrophotometer (Waltham, MA). Centrifugal removal of 
AuNPs was performed using a benchtop Eppendorf centrifuge. 
Nanoparticle preparation 
All the SERS spectra was acquired using silver nanoparticles (AgNPs) as a SERS 
substrate and the AgNPs were prepared based on the Lee & Meisel method.135  AuNPs 
were prepared with the citrate reduction method.98 Briefly, 0.0415 g of gold(III) chloride 
trihydrate was added to 150 mL of Nanopure water (18.2 MΩ cm) and the solution was 
brought to a boil. 3 ml of 1% sodium citrate dehydrate was then added.  The surface 
plasmonic peak absorbance of the as-synthesized AuNPs is at 520 nm, confirming that 
the average size of the AuNPs was 13 nm in diameter.98  Using the molar extinction 
coefficient of 2.7 x 108 M-1 cm-1, it was estimated that the concentration of the prepared 
AuNPs was 13.14 nM.136  
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IESIR calibration curves 
Calibration curves were constructed with a series of MBI-d0 and MBI-d4 mixtures 
where the total MBI concentration was kept constant at 10 µM but the ratio of the MBI-
d0/MBI-d4 concentrations increased from 1:9 to 9:1.  Briefly, stock solutions of MB-d0 
and MB-d4 were prepared in ethanol and diluted with water to the desired concentration.  
The exact concentrations of the stock solutions were determined based on their peak UV-
vis absorption at 300 nm, and the molar absorptivity of 27400 cm-1M-1 that we 
determined with MBI-d0 dissolved in aqueous solution.  It is important to note that 
identical UV-vis spectral profiles were observed with the MBI-d0 and MBI-d4 (Figure 
3.2), indicating that hydrogen/deuterium substitution has no significant effect on the 
molecular electronic transition. 
 
Figure 3.2 UV absorption spectra of (a) MBI-d0 and (b) MBI-d4 in water. 
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Quantification of MBI adsorption 
 
Figure 3.3 Bar plot shows the effect of sample incubation time on ligand adsorption. 
Notes: The amount of MBI-d0 adsorbed was determined after the sample was incubated 
for (a) 7 min, (b) 1 h, (c) 5 h, and (d) 1 d. The ligand binding solution was an equal 
volume mixture of 30 µM MBI-d0 and as-synthesized AuNP solution. Error bars 
represent 95% confidence intervals of five independent measurements. 
 
All the ligand binding samples were prepared by mixing MBI-d0 of proper 
concentration with an equal volume of prepared AuNP colloidal solution. To ensure that 
MBI had reached equilibrium adsorption onto AuNPs before its IESIR quantification, we 
investigated the kinetics of MBI binding and showed that there is no significance change 
in the amount of absorbed MBI once the incubation time of MBI/AuNP mixture is longer 
than 7 min (Figure 3.3).  In this work, the concentrations of the unbound MBI in all the 





Figure 3.4 UV absorption spectra of as-prepared AuNPs and mixture of AuNPs with 
10 µM solution of MBI-d0.   
Notes: UV absorption spectra of (a) equal volume mixture of as-prepared AuNP colloidal 
solution and water, (b) equal volume mixture of AuNPs with 10 µM solution of MBI-d0 
(spectrum obtained 1 h after solution mixing), (c) centrifuge supernatant of solution (b) , 
and (d) supernatant of solution (b) after it sat overnight under ambient condition. The 
absence of the AuNP plasmonic peak in spectrum (c) and (d) indicate that AuNPs can be 
completely separated from the supernatant with both centrifugation and settlement 
method. 
 
For ligand binding solutions where the initial MBI concentrations were above 
1.25 µM (Figure 3.4), MBI adsorption induces AuNP aggregation and eventually 
settlement after overnight storage (>10 h) (Figure 3.4). No significant AuNP aggregation 
was observed with ligand binding solutions where the initial MBI concentrations were 
equal to or lower than 1.25 μM (Figure 3.5), which excludes the possibility for settlement 
removal of AuNPs.  Figure 3.5 shows a series of UV-Vis spectra taken with equal molar 
mixtures of 2.5 μM and AuNPs together with the UV-vis spectra of the centrifugation 
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supernatant of the mixture solution.  Unlike the ligand binding solutions with high initial 
MBI concentrations (>2.5 μM), for which 5 min centrifugation was sufficient to 
precipitate all AuNPs, it took up to ~30 min to completely remove AuNPs in ligand 
binding solutions with initial MBI concentrations lower than 1.25 μM. 
 
Figure 3.5 Time series UV-vis spectra of mixture of AuNPs and 2.5 µM of MBI-d0 
solution. 
Notes: (a) UV-vis spectrum of AuNP control and time series spectra with an equal 
volume mixture of AuNPs and 2.5 µM of MBI-d0 solution. (b) and (c) UV-vis spectra of 
the centrifugation supernatant of equal molar mixtures of AuNP and 2.5 µM of MBI-d0 
after centrifugation for 5 and 30 min, respectively. AuNP control is an equal volume 
mixture of AuNP colloidal solution with water, and time series spectra with an equal 
volume mixture of AuNPs and 2.5 µM of MBI-d0 solution with sample incubation time 
up to 250 min. Rotor speed for centrifugation of samples (b) and (c) was 13,000 rpm. 
 
For the samples with high initial MBI concentrations, AuNP removal can be 
achieved with either centrifugation or a passive sedimentation method.  After confirming 
that centrifugation and overnight settlement gave identical quantified results (Figure 3.6), 
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the centrifugation method was chosen for all subsequent ligand quantification 
experiments due to the obvious time advantage. 
 
Figure 3.6 Amount of MBI adsorbed onto AuNPs determined with (a) centrifugation 
and (b) settlement method. 
Notes: The ligand binding solution was prepared by mixing equal volumes of 24 μM 
MBI-d0 solution and AuNP colloidal solution. Centrifugation removal of AuNPs was 
performed after 1 h of sample incubation. Settlement removal of AuNPs was conducted 
by letting the ligand binding solution sit overnight under ambient condition. Error bars 
represent 95% confidence intervals of five independent measurements. 
 
Removal of ligand bound AuNPs was performed using an Eppendorf benchtop 
centrifuge with a rotor speed of 13,000 rpm and a centrifuge time of 5 min and 30 min for 
ligand binding samples with initial MBI concentration above and below 1.25 µM, 
respectively.  The effectiveness of the AuNP separation was confirmed by the absence of 
AuNPs in the supernatant UV-vis spectrum (Figure 3.4 and 3.5). To determine the MBI-
d0 concentration in the supernatant, 10 µL of supernatant was quantitatively transferred 
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into a plastic vial where an equal volume of MBI-d4 of proper concentration was added.   
The SERS spectra of the sample were measured as described below. 
SERS spectral acquisition 
All SERS spectra were obtained with a Horiba Jobin Yvon LabRam HR confocal 
Raman microscope system (Edison, NJ).  Briefly, 10 µL of a mixture of MBI-d0 and 
MBI-d4 were mixed with an equal volume of AgNP colloidal solution and the resulting 
solution was vortexed for 1 to 2 min before 10 µL of 1% KCl was added as an 
aggregation reagent.  After ~1 min, 10 µL of the final solution was deposited onto the 
RamChip substrate followed with immediate SERS spectral acquisition using a 633 nm 
HeNe laser. All spectra were collected using an Olympus 10× objective (NA=0.25) with 
a laser power of 1.3 mW. The spectral integration time varied from 1 s to 30 s. 
Result and discussion 
Surface enhanced Raman spectral features of MBI-d0 and MBI-d4 
Figure 3.7 shows the SERS spectra of 5 µM MBI-d0 and MBI-d4. Surprisingly, 
even though the two molecules differ only in four hydrogen/deuterium substitutions and 
they share essentially identical UV-vis spectral features, their SERS spectra are not 
similar at all. In fact, the spectral differences observed for these MBI pairs are much 
more significant than what has been observed previously with isotopomers (isotopic 
isomers) of Rhodamine 6G,128 even though in both cases, four hydrogen atoms were 
substituted with deuterium atoms.   Detailed reasons for the drastic isotope effect on the 
MBI Raman spectrum is out of the scope of this work but it’s most likely related to the 
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fact that as a planar molecule, the isotope substitution on the benzene ring in MBI can 
affect molecular vibrations of the entire molecule. 
 
Figure 3.7 SERS spectra of (a) MBI-d0, (b) MBI-d4, and (c) equal molar mixture of 
MBI-d0 and MBI-d4. 
Notes: MBI concentration in all the samples is 5 µM.  The labeled peaks are the ones 
used for ratiometric MBI quantification. 
IESIR calibration 
The large spectral differences between MBI-d0 and MBI-d4 make the ratiometric 
determination of the relative concentrations of MBI-d0 and MBI-d4 easy.  Because of the 
absence of overlapping spectral features and their similar Raman cross-sections as shown 
in Figure 3.7 (c), we chose to use the 1013 cm-1 peak in MBI-d0 and the 744 cm-1 peak in 
MBI-d4 to establish the correlation between Raman peak intensity and analyte 
concentrations. Figure 3.8 shows (A) a library of representative Raman spectra and (B) 
the calibration curve obtained with a series of samples where the total MBI concentration 
was kept constant at 10 µM and the relative concentration of MBI-d0 and MBI-d4 varied 
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from 1:9 to 9:1.  Combinations of other MBI-d0 and MBI-d4 features in the spectral 
region between 750 cm-1 and 1100 cm-1 were also evaluated and no significant 
differences were found in their calibration accuracy. 
 
Figure 3.8 (A) SERS spectra of mixtures of MBI-d0 and MBI-d4 with different 
concentration ratios. (B) Calibration curve correlating the SERS intensity 
ratio of MBI-d0 and MBI-d4 with their concentration ratio. 
Notes: SERS spectra of mixtures of MBI-d0 and MBI-d4 with concentration ratio of (a) 
1/9, (b) 3/7, (c) 5/5, (d) 7/3, and (e) 9/1. Calibration curve correlating the SERS intensity 
ratio of MBI-d0 (1013 cm-1) and MBI-d4 (744 cm-1) with their concentration ratio. Total 
MBI concentration in all the SERS samples is 10 µM. The SERS spectra were offset for 
clarity. Error bars represent one standard deviation of five independent measurements.  
It should be noted that when the difference between MBI-d0 and MBI-d4 
concentration is too high i.e. > 9:1, accurate determinations of peak intensity for the 
minor concentrations can be difficult, which can then lead to a high quantification error.  
In other words, to accurately quantify MBI-d0, the concentration of the spiked MBI-d4 
should be similar (with the same order of magnitude) to that of MBI-d0 in the sample 
solution.   Experimentally, such a requirement can be readily satisfied by dividing the 
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MBI-d0-containing supernatant into two or three aliquots and then spiking different 
concentrations of MBI-d4 as internal standards. 
Figure 3.9 demonstrates the effectiveness of the quantification procedure 
described above where all the SERS spectra were obtained with supernatant of the MBI 
binding solution in which the initial concentration of MBI-d0 is 11 µM.  Evidently, when 
the concentrations of spiked MBI-d4 were 11 µM and 5 µM, the SERS spectra were 
totally dominated by the MBI-d4 spectral features, indicating that the concentration of 
MBI-d4 is too high for reliable MBI-d0 quantification.  When the concentration of the 
spiked MBI-d4 is 0.5 µM, SERS features of both MBI-d0 and MBI-d4 can be easily 
identified and quantified.  Based on the spectrum (c) shown in Figure 3.9, it was found 
that after incubation with AuNPs, only 0.33 µM, less than 5% of the added MBI-d0,  
remained free in the ligand binding solution. 
 
Figure 3.9 SERS spectra of MBI-d4 and supernatant of a ligand binding solution. 
Notes: Raman spectra of an equal volume mixture of MBI-d4 and supernatant of a ligand 
binding solution where the initial concentration of MBI-d0 is 11 µM.  The concentration 
of MBI-d4 is (a) 11 µM, (b) 5 µM, and (c) 0.5 µM.  
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MBI adsorption isotherm 
Using the detection strategy demonstrated above, we were able to obtain, for the 
first time, the MBI adsorption isotherm onto AuNP surface as show in Figure 3.10. The 
solid curve and the parameters in Figure 3.10 were obtained by least-square fitting the 
experimental data (dots) with the linear form of the Langmuir adsorption equation shown 
below (equation 3.1). 




Using the Γmax determined from the Langmuir isotherm and the concentration of 
AuNPs in the ligand binding solution, it is estimated that the maximum MBI packing 
density on AuNPs is 571(±4.6) pmol/cm2, where the value in parenthesis represents one 
standard deviation.  This is significantly higher than the packing density of 490 and 245 
pmol/cm2 determined electrochemically for a single crystal (111) and polycrystalline flat 
gold electrodes, respectively.129, 137, 138 The theoretical saturation packing density of the 
MBI monolayer on a gold surface is calculated to be 221 pmol/cm2 and 626 pmol/cm2, 
respectively, for flat lying and perpendicular orientations.129, 137, 138  The high MBI 
packing density observed in this work indicates that MBI likely adopted a tilted, close to 
perpendicular orientation on the AuNP surface, similar to what has been proposed 
previously for MBI on a Au(111) surface.137  
Compared to the only binding constant we could find in the literature for organic 
thiol or thione on free AuNPs,126 the MBI binding constant that we found in this work is 
significantly higher.  Using UV-vis spectral measurements, Blakey et al. reported that the 
binding constant of phenyldithioester onto AuNPs is about 2.3 × 106 M-1 and that the 
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binding is mediated through the thione group.126   The higher MBI binding constant may 
be related to the fact that, unlike phenyldithioester that likely binds to AuNPs through its 
sole electron-rich sulfur atom, MBI has one sulfur and two nitrogen atoms that can bind 
to AuNPs.  As a result, MBI may bind to AuNPs as a bidentate similar to benzothiazole-
2-thione,134 a heterocylic molecule that shares many structural characteristics with MBI.  
Indeed, based on the SERS spectra obtained with MBI adsorbed onto a copper surface, 
Lewis and Carron proposed that MBI bound to copper through its sulfur and two nitrogen 
atoms.139 
 
Figure 3.10 Adsorption isotherm of MBI onto AuNPs.  
Notes: (dots) Experimental result of [MBI-d0]free/[AuNP-MBI-d0] versus [MBI-d0]free. 
(solid line) Langmuir linear regression fitting of the experimental results. Error bars 
represent one standard deviation of five independent measurements. The value in 
parenthesis represents one standard deviation of the fitted value. 
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The near-perfect fitting of our experimental data with the Langmuir isotherm and 
large maximum amount of MBI adsorbed onto AuNPs (Γmax) warrants further discussion. 
As we indicated in previous sections, MBI adsorption induces AuNP aggregation.  One 
possible scenario is that AuNPs aggregate before MBI reaches adsorption equilibrium 
and AuNP aggregation limits the availability of the AuNP surface for further MBI 
adsorption, which would lead to a low saturated packing density.  The large Γmax 
observed in our experiment indicates that MBI has either already reached equilibrium 
adsorption before AuNP aggregation begins to affect the accessibility of AuNPs or AuNP 
aggregation does not affect MBI adsorption.  The latter possibility was excluded with a 
separate experiment which demonstrated that once aggregated, the adsorption capacity of 
AuNPs is significantly reduced (Figure 3.11).  This result demonstrates that MBI largely 
reaches equilibrium adsorption before AuNP aggregation becomes a limiting factor. 
 
Figure 3.11 Amount of MBI adsorbed onto AuNP (a) without and (b) with AuNP pre-
aggregation.  
Notes: Solution (a) was equal volume mixture of 48 µM MBI, as-synthesized AuNPs, 
and water. Solution (b) was prepared by first mixing equal volumes of AuNPs and 1.2 M 
KCl solution to induce AuNP aggregation followed by addition of an equal volume of 
MBI. Error bars represent 95% confidence intervals of five independent measurements. 
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Another important implication of our experimental results is that centrifugal 
removal of AuNPs has no significant adverse effects on the MBI adsorbed onto the AuNP 
surface, such as desorption. Evidently, if centrifugation induced significant ligand 
desorption, it would be very unlikely for MBI to reach a near saturation packing on the 
AuNP surfaces, as we observed. 
Conclusion 
Using MBI as the model ligand, a novel SERS based ligand quantification 
technique was demonstrated that is accurate, robust, and simple to implement.  With this 
IESIR technique, the MBI binding constant onto gold surface and its packing density on 
AuNPs were determined for the first time.  While the requirement of using an isotope-
edited ligand as an internal reference might be viewed as a shortcoming for this IESIR 
technique, acquiring or synthesizing these internal standards is not difficult since 





DETERMINATION OF THE BINDING AFFINITY, PACKING AND 
CONFORMATION OF THIOLATE AND THIONE FORM  
OF MERCAPTOBENZEMIDAZOLE  
ON GOLD NANOPARTICLES 
Abstract 
Determination of ligand conformation on gold nanoparticles (AuNPs) is of 
fundamental importance in nanoparticle research and applications.  Using a combination 
of surface enhanced Raman spectroscopy (SERS), density function calculations, and 
normal Raman spectroscopy, the pH dependence of mercaptobenzimadazole (MBI) 
adsorption onto AuNPs was systematically studied.  Structures and conformations of 
MBI adsorbates on AuNPs were determined together with their binding constants, and 
saturation packing densities were determined at three different pHs (1.4, 7.9, and 12.5).   
While MBI thione is the predominant tautomer in solution with pH value lower than 10.3, 
MBI thiolate is the main adsorbate on the AuNP surface in solution with pH > 2.  MBI 
thiones dominate the AuNP surface only in solutions with pH < 2.   While MBI thione 
has a higher saturation packing density (~632 pmol/cm2) than MBI thiolate (~540 
pmol/cm2), its binding constant (2.14 × 106 M-1) is about five times smaller than that for 
MBI thiolate (10.12 × 106 M-1).   Using the MBI footprint deduced from its saturation 
packing density on AuNPs, the conformation of MBI was determined.  While the MBI 
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thione binds monodentately to the AuNPs with a perfectly upright orientation, MBI 
thiolate binds bidentately to AuNPs with a tilted angle that allows the interaction of 
AuNPs with both the sulfur and nitrogen atoms in MBI thiolate.  In addition to the new 
insights provided on MBI binding onto gold nanoparticles, the methodology employed in 
this study can be particularly useful for studying AuNP interactions with other imidazole-
thiol compounds, a class of heterocylic compounds that can exist in different tautomeric 
forms. 
Introduction 
With their unique electromagnetic and chemical properties, gold nanoparticles 
(AuNPs) have found a wide spectrum of applications that includes biosensing,114-116 
cancer therapy,6, 117, 118 drug delivery,140 and solar energy  harvesting.120 Surface 
modification of AuNPs with organic thiol derivatives is probably the most commonly 
used strategy for enhancing AuNP functionality, stability, and target specificity.6, 82 In 
addition, AuNP surface modification is also a common approach in the fabrication of 
higher order nanostructures, i.e, two or three dimensional nanoparticle containing 
structures.  As a result, investigation of the ligand binding affinity, packing density, and 
conformation that includes the molecular structure and orientation of a ligand on the gold 
nanoparticle surface is of fundamental importance in our understanding of the structure 
and function relationship of surface modified AuNPs.    
Despite extensive literature on the interfacial interaction between organosulfur 
compounds with noble metal nanoparticles, conclusive determination of the ligand 
conformation on nanoparticle surfaces remains a major challenge.  Current methods rely 
heavily on surface spectroscopic techniques that include surface enhanced Raman 
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spectroscopy (SERS),43, 141, 142 surface enhanced infrared (SEIRA),26, 132, 137 and electron 
energy loss spectroscopic techniques,143-145 often in combination with density function 
theory (DFT) calculations and the “surface selection rules”.141, 142, 146, 147 These techniques 
are successful in some cases,146-149 but have been unsuccessful in others.141, 150, 151  
Indeed, surface enhanced IR and Raman spectroscopy can be very complex in nature.  
While most of the surface enhanced spectra have remarkable similarity to the normal 
Raman or IR spectra, some can be significantly different from their counterpart normal 
spectra.  Besides the surface selection rules, factors such as charge transfer between 
ligand and metal or metal to ligand, defects on the nanoparticle surfaces, and changes in 
the solvation state of the analyte molecule can all modify the spectral feature of the 
absorbate on the metal surface.151  In addition, current DFT calculations are not reliable 
enough to predict the SERS or SEIRA spectra of ligand molecules adsorbed onto the 
nanoparticles.   
We have developed a ratiometric SERS technique for quantitative analysis of 
ligand adsorption onto the nanoparticle surface (Chapter III).79 Using 
mercaptobenzimidazole (MBI) as the model ligand, we determined, for the first time, the 
binding constant and the binding capacity of MBI onto AuNPs.   Based on the MBI 
packing density on the AuNPs and the size of MBI determined electrochemically,129, 137, 
138 we determined that MBI dissolved in water adsorbed nearly perpendicularly on 
AuNPs.  However, the exact MBI molecular structure and conformation on the AuNP 
surface were unclear. 
In this chapter, we present our further investigation of MBI binding onto AuNPs 
aimed toward determination of the MBI structure and conformation on the AuNP 
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surfaces.79 More specifically, we combine normal Raman, SERS, ratiometric SERS,79 
and DFT calculations to study pH dependence of MBI binding onto AuNP surfaces.  As a 
heterocyclic molecule that contains N and S atoms, MBI has been widely used as a model 
molecule for investigation of tautomerization and ionization of a class of imidazole-thiol 
compounds and their binding to a flat gold surface or AuNP surfaces.26, 137, 146 As shown 
in Figure 4.1, MBI can exist in thione, thiol, and thiolated forms depending on the solvent 
conditions.  It is known that MBI exists predominantly in thione form in solid and in 
polar solvents such as ethanol, water, and dimethyl sulfoxide.29, 152, 153  One of the driving 
forces favoring the MBI thione tautomeric form is believed to be that the N-H bond 
forms a stronger hydrogen bond with the solvent or another MBI molecule than the S-H 
bond.152  In strongly basic solution, MBI ionizes and can theoretically exist in two 
tautomeric forms as shown in Figure 4.1. DFT calculations by Doneux et al. showed, 
however, that the sulfur atom in ionized MBI is negatively charged and the nitrogen 





Figure 4.1 Tautomerization and ionization of MBI molecule in solution at different 
pHs. 
Notes: The upper and lower horizontal arrows represent the possible tautomerizations and 
the vertical arrows represent the ionization equilibrium, (a) MBI thione, (b) MBI thiol, (c) 
MBI thiolate, and (d) MBI anion as thione. 
 
In addition to tautomerization and ionization in solution, MBI adsorption onto 
metal surfaces has also been a topic of intense interest for its importance in practical 
applications130, 154 and fundamental research.155 As an imidazole-thiol, MBI has two N 
atoms and one S atom and they can concurrently or individually contribute to its binding 
to noble metal surfaces.  In addition, MBI may be adsorbed as a thione, a thiol, or a 
thiolate on the nanoparticle surface.  All these factors make it difficult for definitive 
determination of the MBI conformation on the AuNPs.  Indeed, in the past decade or so, 
several models were proposed regarding MBI binding to gold surfaces,130, 133, 146, 156 and 
these models are conflicting on the MBI structures and orientations on the gold surface. 
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Based on their FTIR measurement and DFT calculations, Doneux et al. proposed 
that when it interacts with a flat gold surface, MBI is deprotonated and binds to gold 
through the formation of a gold-sulfur bond.137 They further proposed, according to their 
electrochemical results, that MBI is tilted on flat gold electrodes through a thiolate form 
at neutral and basic pH, and a thiol form in acidic solution26 with a saturation packing 
density of 490 pmol/cm2.26, 132 However, based on SERS and electrochemical 
measurements, several groups believe that MBI thione is the predominant species on the 
gold electrode.130,133, 134  Furthermore, using an X-ray photoelectron spectroscopic 
technique, Whelan et al. studied MBI binding onto Au(111) surface, and they concluded 
that MBI binds as a thiol form adopting a “flat-laying” conformation.157  Based on the 
chemical shifts observed with nitrogen (1s) and sulfur (2p) electron binding energies, 
they proposed that both sulfur and the unprotonated nitrogen contributes to gold 
binding.157  Similarly, based on their SERS result, Lewis and Carron proposed that MBI 
was bound to copper through its sulfur and two nitrogen atoms, implying that MBI lies 
flat on the metal surface.43 In addition to MBI, there is extensive literature on the metal 
binding of other imidazole-thiol compounds that includes 2-mercaptobenzothiazole,129, 157 
2-mercaptobenzoxazole129, mercaptopyrimidine,28 and 6-mercaptopurine.158  However, 
most of these studies are qualitative, and important information such as the ligand 
binding constant and packing densities are mostly lacking. 
Experimental 
Material and chemicals 
Except the 2-mercaptobenzimidazole-4,5,6,7-D4 (MBI-d4) that was acquired 
from Medical Isotopes, Inc. (Pelham, NH), all chemicals including the regular 2-
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mercaptobenzimidazole with no hydrogen/deuterium substitution were obtained from 
Sigma Aldrich. The UV-Vis measurements were carried out with an Evolution 300 
spectrophotometer (Thermo Scientific).  The RamChip slide used for the normal and 
SERS spectral acquisition was obtained from Z&S Tech. LLC.  It is important to note 
that the Ramchip slide is a normal Raman substrate (with no plasmonic enhancement) 
made of highly reflective stainless steel.79, 97 The SERS spectra were obtained with a 
LabRam HR800 (Horiba Jobin-Yvon) confocal Raman microscope system and a Raman 
excitation laser of 633 nm. 
Nanoparticle synthesis   
AuNPs and silver nanoparticles (AgNPs) used for the ligand binding and SERS 
measurements were prepared using citrate reduction methods reported in the literature.98, 
135 The size of the AuNPs and concentration of the as-prepared AuNPs were estimated to 
be 13 nm in diameter and 13.14 nM in concentration, respectively, based on UV-Vis 
spectrum of the AuNP colloidal solution.  While the AuNPs were stored at room 
temperature, the AgNPs were kept in a 4 °C refrigerator.   
SERS spectra of MBI  
Two kinds of SERS measurements were carried out in this work.  The SERS 
spectra of MBI adsorbed onto AuNPs were collected using AuNPs as the SERS 
substrates.  The SERS spectra for ratiometric SERS determination of MBI adsorption 
isotherms were acquired using AgNPs as the SERS substrates due to their higher SERS 
activity.  All the SERS spectra were taken with an Olympus 10 X objective (NA=0.25), a 
grating of 600 grooves/mm, and a laser intensity before sample of 1.3 mW.   The spectral 
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integration time varied from 2 s to 50 s.  The Raman shift was calibrated with a neon 
lamp and the Raman shift accuracy was ~0.5 cm-1.   
The measurement procedure for the pH dependence of the SERS spectra of MBI 
adsorbed on the AuNPs is as follows:   After mixing 1 mL of 80 µM MBI solution of 
proper pH with an equal volume of AuNPs solution, 10 µL of MBI/AuNP mixture was 
deposited on the RamChip slide for the SERS spectra acquisition.  No aggregation agent 
was used for these spectral acquisitions as MBI adsorption induced immediate AuNP 
aggregation.79 The remaining MBI/AuNP mixture solution was left sitting in ambient 
condition overnight to allow AuNP settlement and the pH values of the solution 
MBI/AuNP mixture was measured with the supernatant.   
A typical AgNP-based SERS spectrum acquisition was as follows:  10 µL of the 
sample solution was mixed with an equal volume of AgNP colloidal solution. After 
vortexing for ~1 min, 10 µL 1% KCl solution was added to the AgNPs and MBI mixture 
as the aggregation agent.  After briefly vortexing, 10 µL of the final solution was 
transferred to a RamChip slide for SERS spectral acquisition.    
MBI adsorption isotherms  
In order to study the possible pH dependence of MBI adsorption isotherms on 
AuNPs, three series of MBI samples were prepared, with 0.1 M HCl, 0.1 M NaOH, and 
high purity water (18 MΩ cm-1) as solvent, respectively.  The concentrations of the MBI 
solutions in each sample series were 20, 26, 28, 30, 32, 36, 40, 46, 50, and 60 µM, 
respectively.  The adsorption isotherm at each solvent condition was determined using 
the ratiometric SERS method we developed (Chapter III).79 Briefly, after mixing 1.5 mL 
gold nanoparticle solution with equal volume MBI solutions of different concentrations, 
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the mixtures were shaken and left to sit overnight at ambient condition to allow complete 
settlement of the MBI bound AuNPs.  The 2.5 mL of the supernatant of the settled 
solution was split into two portions, one for pH measurement and another for ratiometric 
SERS quantification of the MBI remaining in the supernatant (not adsorbed onto the 
AuNPs).   Detailed procedures for the ratiometric SERS quantification method can be 
found elsewhere.79  In brief, after quantitatively transferring 100 µL of the supernatant to 
a clean vial, a known amount of MBI-d4 was spiked into the vial.  A SERS spectrum of 
the resulting MBI-d0/MBI-d4 mixture was acquired using AgNPs as the SERS substrate, 
and the MBI-d0 concentration was calculated according to the MBI-d0 and MBI- d4 peak 
intensity ratio and the calibration curve we established before (Chapter III).79  One 
important note is that in order to ensure the ratiometric SERS calibration curve obtained 
with neutral MBI-d0/MBI-d4 mixture solutions is applicable to MBI-d0 solutions 
prepared with 0.1 NaOH and 0. M HCl,79  the pH value of the MBI-d4 spiked MBI-d0 
supernatant solution was adjusted to pH ~7  before mixing with AgNPs for the SERS 
measurement.    
pH dependence of MBI UV-Vis spectrum   
pH values of MBI solutions were adjusted using 0.1 M NaOH or 0.1 M HCl.  The 
exact pH of the resulting solutions was determined using a pH meter (AB 15, Accumet 
Basic, Fisher Scientific).  
Normal Raman of MBI   
Normal Raman spectra of MBI were acquired under three experimental 
conditions: (1) MBI powder, (2) 10 mM MBI dissolved in ethanol, and (3) saturated MBI 
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dissolved in 0.1 NaOH for which the pH value of the MBI solution is ~12.7.   The Raman 
spectra of MBI powder and MBI dissolved in NaOH were acquired by depositing a flake 
of MBI powder or a drop of MBI solution onto the RamChip slide, while the spectrum 
for MBI in ethanol solution was acquired with the solution in an NMR tube.  Ethanol 
solvent Raman spectra were acquired for spectral subtraction. 
DFT calculation of the MBI Raman spectrum  
DFT calculations were performed using the PQS software package on a PQS 
computer.159 Raman vibrational frequencies and intensities were calculated including full 
geometry optimization for molecules in the gas phase without any symmetry constraint 
employing the B3LYP (Becke’s three parameter exchange Lee Yang Parr) hybrid 
functional with 6-31+G** basis set.160-162 Tentative peak assignment was carried out by 
comparing mainly the normal Raman spectrum with the DFT Raman spectrum.  
Results and discussion 
pH dependence of MBI SERS spectra 
Figure 4.2 shows the SERS spectra of the MBI adsorbed on AuNP colloidal 
solutions at different pHs.  Except the two acquired with pH 0.2 and 2.0 solutions, the 
SERS spectra of other solutions are highly similar.  Several prominent Raman peaks 
including the 1448 cm-1, 1174 cm-1, 1495 cm-1, and 1146 cm-1 in the SERS spectrum of 
the pH 0.2 (or 2.0) solution are entirely absent or significantly attenuated in the SERS 
spectra acquired with solutions of higher pHs.  Experimental results acquired with highly 
acidic pH (in 2 M HCl) to highly basic pH (in 2 M NaOH) showed that all the SERS 
spectra obtained with pH above 2.0 are highly similar and they are different from those 
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acquired with pH smaller than 2.0 (Figure 4.2), suggesting MBI molecules on the AuNP 
surface undergo dramatic changes in their molecular structure and/or conformation 
around pH 2.0. This result is in stark contrast with the previously reported pH 
dependence of MBI adsorbate on a flat gold surface.26  Based on their infrared 
spectroscopic measurements, Doneux et al. proposed that MBI adopted the same 
molecular structure in acidic condition and neutral pH on the flat gold surface.26 Our 
SERS result clearly indicates that MBI on the AuNPs most likely have the different 
molecular structure in neutral and acidic pH solutions. 
 
Figure 4.2 SERS spectra of MBI on AuNPs at different pHs.  
Notes: The pHs are, (a) 0.2, (b) 2.0, (c) 3.9, (d) 5.0, (e) 7.0, (f) 9.3, (g) 11.5, and (i) 13.2. 




One possible reason for the pH dependence of the SERS spectrum of MBI on 
AuNPs is MBI protonation or deprotonation in solution at different pHs.  However, the 
UV-vis spectra, shown in Figure 4.3, that were obtained with MBI solutions clearly 
indicate the MBI has an identical molecular structure in all the pH < 10 solutions and a 
different structure in pH > 11 solution.  Indeed, our pH dependent UV-vis measurements 
are consistent with the previously reported MBI pKa values (10.55,163 10.4,164 ,and 9.6129) 
but inconsistent with the proposal that MBI has another pKa value at 4.3.165 
 
Figure 4.3 UV-vis spectra of MBI at different pHs.  
Notes: (a-c) pH = 1.1, 3.0, and 7.4, (d) pH = 10.0, and (e-f) pH = 11.0 and 12.5. 
The drastically different pH dependence of the UV-vis spectrum of MBI solution 
and the SERS spectrum of MBI adsorbed on AuNPs implies that the molecular structure 
and/or conformation of MBI on the AuNP surface is significantly different from that in 
solution.   It is known that MBI in a polar solvent such as water adopts the thione form in 
acidic and neutral pHs, but the anionic thiolate form appears in strongly basic solution 
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(pH > 10.3).137  However, the SERS spectra of MBI in Figure 4.2 indicate that MBI on 
AuNPs most likely adopt the thiolate structure whenever the pH is higher than 2. 
Raman spectrum of MBI and peak assignment 
To facilitate the determination of the molecular structure of MBI adsorbed onto 
AuNPs, normal Raman spectra of MBI were acquired with MBI powder, MBI in ethanol, 
and MBI in 0.1M NaOH.  DFT Raman spectra were also calculated for MBI thione, MBI 
thiol, and MBI thiolate (see Figure 4.1 for details), the three possible molecular structures 
that MBI can adopt at different pH conditions in solution and on a AuNP surface.  It is 
known that MBI is in its thione form in solid and polar solvents such as ethanol and in 
thiolate form in basic conditions.  Figure 4.4 shows the experimental Raman spectra of 
MBI thione, acquired with MBI solid and ethanol solution, and the MBI thiolate, 
acquired when saturated MBI dissolved in 0.1 NaOH, together with the DFT Raman 
spectra.  The attempt to make MBI dissolve in neutral and acidic pHs was unsuccessful 
due to poor MBI solubility in those conditions.  Solvent and substrate background 
subtraction was performed only for the MBI spectrum acquired with ethanol solution.  It 
should be noted that Raman shifts (wavenumber) of the computed spectra were scaled by 
0.983 for MBI thione and 0.987 for MBI thiolate, which is a common practice in aligning 
DFT calculated spectra with experimental data.137 The scaling factors were obtained by 
linear regressions of the DFT calculated Raman and the corresponding experimental 




Figure 4.4 DFT calculated Raman spectra of MBI (a) thione, (e) thiolate, and (f ) thiol, 
respectively. Experimental Raman spectra of (b) MBI powder, (c) MBI in 
ethanol, and (d) MBI in NaOH, respectively. 
Notes: The negative peaks marked with * in spectrum (c) resulted from solvent (ethanol) 
background spectrum subtraction. 
64 
 
The DFT Raman spectrum of MBI thione shows remarkable similarity to the 
Raman spectra of solid MBI and MBI ethanol solution, while the DFT Raman spectrum 
of MBI thiolate is very similar to the experimental spectrum of MBI in NaOH.  The high 
correlation between the MBI DFT Raman spectra and experimental Raman spectra of 
known structures allows us to conduct Raman peak assignments with high confidence.  It 
should be noted that MBI DFT calculations have been carried out before for infrared 
spectroscopy by Doneux et al.137  To our knowledge, however, there has been no 
systematic DFT study of the Raman spectroscopy of MBI’s different tautomeric forms. 
Raman peak assignments of MBI are shown in Table 4.1 and 4.2 for the MBI 
thione and thiolate, respectively. While most of our assignments agree very well with that 
assigned by Doneux et al.,137, 166, 167 there are some noteworthy differences.  For example 
several groups assigned the ~410 cm-1 peak exclusively to the “C=S” stretch.137, 166, 167  
The presence of this peak in the experimental and DFT Raman spectra for both MBI 
thione and MBI thioate, however, clearly disputes such an assignment, as the “C=S” 
bond no longer exists in MBI thiolate.  In fact, theoretically the Raman shift for the 
“C=S” stretch should be significantly higher than the vibrational frequency of the “C-S” 
stretch that is usually in the range of 600-700 cm-1.168   The discrepancy between our 
peak assignment and others is most likely due to the difference in interpretation of the 
DFT vibrational modes, which often involve motions of multiple nuclei.  Figure 4.5 
shows the graphic representations of several key vibrational modes associated with both 
MBI thione and the thiolate anion. As a planar molecule, the motions of the nuclei in 
MBI are highly coupled, making it very difficult to conduct precise peak assignments.  
For the 410 cm-1 peak, in addition to the contribution of the “C=S” or the “C-S” stretch in 
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MBI thione and thiolate, respectively, the in-plane bending of the benzene ring also 
contributes significantly to this vibrational mode.  The fact that similar Raman shifts were 
observed for both MBI thione and MBI thiolate indicates that for this peak the spectral 
contribution from the “C=S” or the “C-S” stretch is not significant. 
While MBI thione and thiolate have many overlapping or similar features in their 
Raman spectra, reflecting the structural similarity between the two molecular species, 
there are some important differences in their Raman spectral features.  For example, even 
though both species have the ~410 cm-1 and ~810 cm-1 peaks, the peak correlation is 
entirely different.  In MBI thione, the 410 cm-1 peak is about 2 times more intense than 
the 810 cm-1 peak, while in MBI thiolate the 410 cm-1 is ~2 times less intense than the 
810 cm-1 peak.  Another important feature is that while MBI thione has an intense peak in 
the ~1470 cm-1 region, the corresponding peak for MBI thiolate is in the 1420 cm-1 
region.  As expected, examination of the vibrational modes in Figure 4.5 shows that for 
the Raman peaks appearing in similar positions in the Raman spectra in MBI thione and 
the MBI thiolate anion, the benzene ring usually has a more significant spectral 
contribution.  In contrast, for the Raman peaks that appear in MBI thione but not in the 




Table 4.1 Raman peak assignments of MBI for the thione form. 
 
Notes: Description of the vibrational modes of the DFT and experimental Raman 
spectrum of MBI thiolate.  ν - stretching, δ- in-plane bending, γ- out-of-plane bending, τ – 
torsion. DFT calculated Raman wavenumbers of all modes scaled by 0.983. 
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Table 4.2 Raman peak assignments of MBI for the thiolate form. 
 
Notes: Description of the vibrational modes of the DFT and experimental Raman 
spectrum of MBI thiolate.  ν - stretching, δ- in-plane bending, γ- out-of-plane bending, τ – 




Figure 4.5 Graphic representation of the key vibrational modes of the MBI thione and 
thiolate, and their experimental and DFT Raman shifts.   
Notes: The DFT Raman shifts are in the parentheses. 
MBI structure on AuNP surfaces 
The MBI SERS spectrum obtained with pH > 2 solution is remarkably similar to 
the DFT and experimental normal Raman spectra of MBI thiolate, indicating that MBI 
thiolate is the predominant species on the nanoparticle surfaces at these conditions.  The 
SERS spectrum obtained with the pH 2.0 (or 0.2) solution has much higher similarity to 
the DFT and the experimental Raman spectra of the MBI thione than to those obtained 
with MBI thiol and MBI thiolate.  For example, the 1448 cm-1 and the 1174 cm-1 peaks 
observed in the normal Raman spectrum of MBI thione become the most prominent 
peaks in the MBI SERS spectrum at pH 2.0.   In contrast, the 1229 cm-1 peak that is 
observed in the SERS and normal Raman spectra of MBI thiolate is significantly weaker 
in the SERS spectrum acquired at this pH.  The SERS result, combined with the fact that 
the MBI thione is the predominant species in solution at this pH condition, leads us to 
believe that MBI thione is the predominant species on the AuNPs.   Taking the SERS and 
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UV-vis results of MBI at different pHs into consideration, the MBI structures in solution 
and on AuNPs are summarized in Table 4.3. 
Table 4.3 pH dependence of structural forms of MBI in solution and MBI adsorbed 
onto AuNPs. 
 
Langmuir isotherms of MBI adsorption  
MBI Langmuir adsorption isotherms at acidic (pH 1.4), neutral (pH 7.9), and 
basic (pH 12.5) conditions were determined using the ratiometric SERS method we 
recently developed,79  and the results are shown in Figure 4.6.  The binding constant, the 
maximum adsorption, packing density, and adsorption Gibbs free energy are shown in 
Table 4.4.  It should be noted that the calculated packing density was estimated by 
assuming the particle size of AuNPs to be 13 nm in diameter and the concentration of the 
as-prepared AuNPs to be 13.14 nM, which was estimated based on the UV-vis spectra 
acquired with the as-prepared AuNPs.   It is interesting to note that the MBI binding 
constant, saturation MBI adsorption, and the packing density at neutral pH is almost 
identical to that which we reported in Chapter III despite the fact that the AuNPs used in 
these two sets of experiments were from different batches.  This result confirms the 





Figure 4.6 Adsorption isotherms of MBI onto AuNPs at (a) pH = 1.4, (b) pH = 7.9, 
and (c) pH = 12.5.  
Notes: (Dots) Experimental result of [MBI-d0]free/[AuNP-MBI-d0] versus [MBI-d0]free.  
(Solid line) Langmuir linear regression fitting of the experimental results. 
Table 4.4 Maximum adsorption, packing density, binding constant, and Gibbs free 
energy of adsorptions of MBI onto AuNPs at different pHs. 
 
Based on the discussion in the previous section, it is known that MBI on the 
AuNPs is in thiolate form at pH 7.9 and 12.5, and thione form at pH 1.4.  The results 
shown in table 4.4 show that while the thiolated form has a higher binding affinity to the 
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AuNPs surfaces, it has a smaller saturation packing density.  Interestingly, even though 
MBI has essentially the same saturation packing density and adopts the same molecular 
structure on the AuNPs surface in pH 7.9 and pH 12.5 solutions, the binding constant for 
MBI in pH 7.9 solution is significantly smaller than that for MBI in the pH 12.5 solution.  
This observation is consistent with the fact that MBI in solution is in different protonated 
states at these two pHs.  Unlike MBI in the pH 12.5 solution where MBI is already in a 
thiolated form, MBI in a pH 7.9 solution is in its thione form.  As a result, its adsorption 
onto AuNPs as a thiolate involves a MBI deprotonation reaction, making MBI adsorption 
energetically less favorable in a pH 7.9 solution than in a more basic solution. 
The higher packing density of the MBI thione on the nanoparticle surfaces 
observed in this work is in stark contrast to that reported by Yu et al. 156  Inferred from 
the higher reactivity of Ru(NH3)3+ for a reduction/oxidation reaction on the MBI 
passivated flat gold electrode in acidic pH than that in a basic pH, it was concluded MBI 
has a lower packing density on the gold electrode at acidic solution.156 Our quantitative 
measurement of MBI adsorbed on the gold nanoparticle surface does not support this 
view.  Instead, our result suggests the most likely reason for the higher reactivity of the 
MBI passivated Au electrode at a highly acidic pH is lower MBI binding affinity for the 
gold electrode. Compared to MBI thiolate, MBI thione on a gold electrode surface would 
be more easily displaced by other ligands such as Ru(NH3)3+ for their reduction/oxidation 
reaction. 
Equipped with the MBI structural information and its packing density on the 
nanoparticle surfaces, MBI conformation on the AuNP surface may be deduced 
according to the MBI footprint,43, 146 and/or MBI geometries in the gas phase obtained 
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with DFT calculations.  It was estimated that when binding vertically onto a AuNP 
surface, the MBI packing density should be 626 pmol/cm2, corresponding to a surface 
area of 27 Å, while a flat orientation corresponds to a packing density of 221 
pmol/cm2.129, 137, 138   Based on the results shown in Table 4.4, it is concluded that for an 
MBI thione (pH 1.4) that has a saturation packing density of ~631 pmol/cm2 on AuNPs, 
MBI will most likely adopt a perfectly upright position, while the MBI thiolate is slightly 
titled on the AuNP surface.  
Theoretically, MBI thione can adopt a perfectly upright binding to the AuNPs 
monodentately through either the sulfur atom or the benzene ring.  The possibility for the 
latter binding mode is excluded because of the well-known affinity between organosulfur 
and AuNPs.169-171 As for MBI thiolate, the most likely binding mode between MBI and 
AuNPs is the bidentate interaction where both sulfur and the unprotonated nitrogen atom 
in MBI thiolate interact with AuNPs as depicted in Figure 4.7.  Such a binding 
mechanism not only explains why MBI thiolate has a larger footprint than MBI thione 
and the high binding constant of MBI thiolate to AuNP surface, it also agrees with the 
previous XPS observations made with MBI adsorbed (presumably at neutral pH) onto 
gold (111). Using XPS measurement, Whelan et al. showed that the two original 
equivalent nitrogen atoms become different in the binding energy of their 1S electron,157 
indicating the two nitrogen atoms are different on the gold surface. Indeed, based on this 
result, they proposed the possibility that the unprotonated nitrogen atom in MBI may 
provide secondary interaction with the Au (111), although they believed that it lay flat on 








The pH dependence of MBI conformation, packing density, and binding constant 
onto gold nanoparticles were quantitatively determined for the first time.  Unlike MBI in 
water, which exists mainly as its thione form in solutions with pH lower than 10.3, MBI 
adsorbed onto AuNPs is predominantly in its thiolate form in solutions with pH value 
higher than 2.0.  The thione form of MBI predominates on the AuNP surface only in 
solutions with pH smaller than 2.0.   While the binding constant of MBI thiolate to 
AuNPs is ~5 times higher than that of MBI thione, its saturation packing density is about 
10% smaller than that of MBI thione.  Based on the molecular footprint and the SERS 
spectral features of MBI on AuNP surfaces, it was concluded that at saturation packing 
the MBI thione binds monodenately on the AuNP surface with a perfectly upright 
orientation. In contrast, MBI thiolate binds bidentately with a tilt angle so that both the 
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